In the study of interphase chromosome organization, genome-wide chromosome conformation capture (Hi-C) maps are often generated using 2-dimensional (2D) monolayer cultures. These 2D cells have morphological deviations from cells that exist in 3-dimensional (3D) tissues in vivo, and may not maintain the same chromosome conformation. We used Hi-C maps to test the extent of differences in chromosome conformation between human fibroblasts grown in 2D cultures and those grown in 3D spheroids. Significant differences in chromosome conformation were found between 2D cells and those grown in spheroids. Intra-chromosomal interactions were generally increased in spheroid cells, with a few exceptions, while inter-chromosomal interactions were generally decreased. Overall, chromosomes located closer to the nuclear periphery had increased intra-chromosomal contacts in spheroid cells, while those located more centrally had decreased interactions. This study highlights the necessity to conduct studies on the topography of the interphase nucleus under conditions that mimic an in vivo environment.
Introduction
A striking feature of the eukaryotic cell nucleus is the packing of DNA into highly folded chromatin that fits into a very limited space. 1 However, chromatin occupies only half of the available nuclear volume and the remaining 'interchromatin space' harbors nuclear sub-compartments and soluble components involved in dynamic structural changes to chromatin domains. 2 A prevailing idea is that the spatial arrangement of the human genome in the interphase nucleus is best described in terms of chromosome territories, 3 or a volumetric measure of each chromosome with information about its position within the nucleus. A high level of genome organization is revealed by CT proximity patterns, stability and changes in cycling cells, positioning dynamics and chromatin interactions, and internal architecture such as domain organization within CTs. 3 CT organization in interphase is thought to contribute to inter-and intrachromosomal interactions and coordinated expression among sets of genes. 4 Furthermore, it has become increasingly apparent that the organization of the nucleus plays a critical role in its function. 5 This is relevant for regulating gene expression, DNA repair, and differentiation.
Compelling data support the idea that radial arrangements of CTs in the nuclear volume are nonrandom and evolutionarily conserved in higher primates. [5] [6] [7] [8] [9] [10] [11] Multiple factors, including gene density, GC content, replication timing, and chromatin compaction, may affect CT positioning. Cumulative evidence suggests a pivotal role of local gene density in the radial positioning of CTs in the nucleus. 3, 9 ). For example, chromosome 19 is gene rich and radially located in the interior of the nucleus, while gene-poor chromosome 18 is preferentially found at the periphery. 8, 12 In mammalian nuclei, some data suggest that global chromosome positioning is maintained in interphase and transmitted to the next generation through mitosis. 13 However, other investigations find loss of order during transmission, as well as variations in CT neighborhood from one cell cycle to the next. 14, 15 As a whole, these studies show that an understanding of the 3 dimensional genome requires approaches that address its dynamical nature.
Two methods are commonly used to investigate the architecture of the genome: in situ imaging of labeled genomic regions or chromosomes, and biochemical proximity-based ligation methods. Biochemical methods have advanced rapidly and provide insight into nuclear sub-compartments and local gene expression patterns. Initially such characterizations only analyzed one or a few loci. [16] [17] [18] The recently developed high-throughput genome-wide chromosome conformation capture (Hi-C) probes 3-dimensional architecture by coupling proximity-based ligation with massively parallel sequencing. This method has the potential to reveal critical global characteristics of the nucleus that may participate in regulation of transcriptional programs. Spatial proximity maps of the human genome have been constructed using Hi-C at a resolution of 0.1-1 megabase. 19 These maps confirmed the presence of chromosome territories and the spatial proximity of gene-rich chromosomes. The maps also identified an additional level of genome organization that is characterized by the spatial segregation of open and closed chromatin into 2 genome-wide compartments. The composition of the compartments at the level of individual loci can differ between cell types, but the overall compartment patterns appear to be similar, and there is a strong correlation between the compartment pattern and chromatin accessibility in the same cell type. 19 These results demonstrate the power of Hi-C to map genome-wide chromosome conformations and, furthermore, reveal that open and closed chromatin domains throughout the genome occupy different spatial compartments in the nucleus. These patterns may be used to distinguish specific cell types or states.
Many mathematical and statistical models have been proposed to infer chromatin geometry from Hi-C contact matrices, thus the measurement precision of the number of contacts is important. To date, chromatin interaction maps in human fibroblasts have been obtained from 2 dimensional (2D) monolayer cultures 20 or from cells cultured in suspension (3D). 19 In 2D cultures, cells and nuclei are morphologically flatter than suspension cultures; therefore nuclear architectural conditions present in native 3-dimensional tissue may not be authentically maintained in 2D cultures. Consequently, genome conformation in 2D cultures might be altered with respect to corresponding cells in human tissues. In this regard, Bolzer et al. 21 compared genome organization between fibroblasts and lymphocytes that are shaped more roundly. Cell type-specific nuclear organization was demonstrated, but the authors used modeling to show that some of the differences could be due to differences in nuclear shape. However, no definitive conclusions could be drawn since the cells were of different type.
To explore the contribution of nuclear shape to genome organization in a more controlled way, we aimed to recapitulate the 3D structure of human tissue by culturing human fibroblasts in 3D spheroids (see methods). We generated chromatin interaction maps of fibroblasts growing in 2D cultures and 3D spheroids using Hi-C. 19, 23 Here we report a significant difference in genome-wide chromatin interactions between 2D cultures and 3D spheroids in the same cell type.
Results
We grew human foreskin fibroblast spheroids in a 96-well PERFECTA3D Ò hanging drop plate 24 for 48 hours and then harvested the spheroids for Hi-C analysis. We examined the spheroids with a light microscope and found no indication of cell necrosis inside the spheroids (supplementary Fig. 1 ). Spheroids were viable when plated to grow in a 2-dimensional (2D) culture vessel (not shown). We generated confocal images of nuclei for Figure 1 . The 4 diagonal matrices (3D rep1 and rep2, 2D rep1 and rep2) are the heatmaps that show the norms of portions of the Hi-C matrices after RPM (A) and ICE (B) application, after the centromeres are removed. Each pixel within these heatmaps represents a summary of an interaction between 2 chromosomes; each is obtained by taking the norm of the corresponding block from the Hi-C matrix and dividing by the length of the corresponding chromosomes. On the off-diagonal, the heatmaps show the absolute magnitude difference between the diagonal heatmaps, all on the same scale, so that these matrices are symmetric about the diagonal matrices. Color bars shown right of both (A) and (B) correspond to individual matrix diagonal values. Color bars shown below (A) and (B) correspond to individual matrix off-diagonal values. Note that the difference between replicates is relatively small compared to the difference between growth conditions. 2D cells and cells in 3D spheroids. We calculated the nuclear volumes for cells grown on 2D culture and those in 3D spheroids. The mean nuclear volume of 2D cells was 318.3 mm 3 , and that of 3D spheroids was 262.7 mm 3 . There was significant difference in mean nuclear volume between 2D and 3D cells (t-test p value D 0.024) (supplementary Fig. 2 We generated Hi-C matrices (maps) at 1 Mb resolution for 2D cells and 3D spheroids. These matrices consist of paired-end sequence reads from 2 biological replicates in each culturing condition. Sequence reads and genome mapping information is summarized in supplementary Table 2 .
Analysis of RPM (read per million) normalized Hi-C matrices (see Materials and Methods) revealed significant genome-wide difference in chromatin interactions (contacts) between 2D cultures and 3D spheroids (Fig. 1A) . We also applied ICE 25 to our data for normalization, which produced very similar result (Fig. 1B) . The RPM normalization simply tunes matrices comparable by considering the reads counts as a distribution and removing the distortion caused by total read number. This is a necessary raw data processing. In our data, the biases (e.g., restriction sites, mapability, GC content) are consistent over experiments since they were performed in the same condition. For this reason, although the bias may exist, the data are comparable due to the consistence of bias over replicates. On the other hand, other bias removing normalization techniques (such as "ICE") usually make in addition stronger assumption on the data model and impose strict constraints, which may lead to additional uncontrollable distortions or overcorrections. Therefore we prefer keep on using RPM normalization and it does not constraint the conclusions.
We observed that in large regions of the genome, the number of intra-mega base contacts (Hi-C matrix diagonal counts) were significantly increased in 3D spheroids compared to 2D cultures (supplementary Fig. 3 ), while inter-chromosome contacts (Hi-C matrix column sums with diagonal counts removed) were significantly reduced in spheroids (supplementary Fig. 4 ). We also Figure 2 . This figure shows the p-values of the distribution test of intra-and inter-chromosome matrices between 2D and 3D cases (see Local Analysis under Materials and Methods). Fig. 2(a, b) shows the p-values of test within 2D and 3D replicates respectively, and shows there is no significant difference within replicates. Figure 3 (c) shows that most blocks have very small p value, which implies significant difference.
found that intra-contacts in a large number of regions remained similar between 2D cultures and spheroids throughout the genome (supplementary Figs. . Figure 2 shows the p-values of the distribution test of intra-and inter-chromosome matrices between 2D and 3D cases (see Local Analysis under Materials and Methods). The test p-values within 2D ( Fig. 2A) or within 3D replicates (Fig. 2B) shows there is no significant difference within replicates. Figure 2 (C) shows that most blocks have very small p value, which implies significant difference between 2D and 3D matrices.
In order to examine the difference between 2D and 3D Hi-C data in a more detailed manner, we performed an elementwise significance test against the null hypothesis that
ð Þ ] ij denote the (ij)th entry of 2D and 3D Hi-C matrices, respectively (see Materials and Methods). This analysis was performed on matrices of chromosomes HSA 1, 6, 11, 14, 19, and 22, respectively (see Fig. 3 and supplementary Fig. 51 for chromosome illustration, and Fig. 4 and supplementary Fig. 52 for test results). These chromosomes represent the various classes of human chromosomes, with characteristics such as small, large, gene poor, and gene rich, while also including the most gene dense chromosome 19. The original Hi-C data of the replicates in the 2D and 3D cases are shown in Figure 3 . The p-value maps associated with these chromosomes are shown in Figure 4 , where the dark blue represents lower p-values and significantly different regions.
When examining individual chromosomes, we found that increased intra-contacts in spheroids were dominant on HSA 1 -15, 18, 20p, and 21q (supplementary Figs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, intra-contacts were significantly reduced on HSA 16, 17, 19, 20q, 22, and 1pter (supplementary Figs. 23-27, and 4). As examples for decreased and increased contact maps, the matrix diagonal plots of HSA 1, 6, 11, 14, 19, and 22 are shown in Figure 5 . The grouping of these chromosomes correlates loosely with the proposed non-randomness of chromosome radial positioning, in which gene-rich chromosomes are preferentially found located in the interior of the nucleus, while gene-poor chromosomes are found more peripherally. 8 We also found that the number of intra-contacts dropped significantly in regions proximal to telomeres on HSA 1p, 2p and 2q, 3p, 4p. 5p and q, 6q, 7p and q, 8p and q, 9q, 10p and q, 11p and q, 12p and q, 13q, 14q, 16p and q, 17p and q, 18q, 19p and q, 20p and q, 21q, and 22q (supplementary Figs. 5-27).
We next examined matrix column sums for inter-mega base interactions with the diagonal counts (intrachromosomal proximities that are dominant in the matrices) removed. This analysis showed that, in general, the column sums (inter-mega base interactions) were significantly reduced in spheroids compared to those in 2D cells (Fig. 6, and supplementary Figs. 28-49] ), except in a few regions of mega-base bins on HSA 1-8 , and 12 where increased contacts in spheroids were observed.
Discussion
We report a significant difference in chromatin interactions between 3D spheroids and 2D cultures in identical cells, which were highly reproducible. The changes observed do not show a systematic monotonic pattern or randomness in the entire genome, which otherwise may indicate the existence of a systematic technical error. Instead, the differences seen display specific patterns dependent on individual chromosomes. The interactions in multiple regions remain similar between the 2 growth conditions, suggesting that the natural chromatin status is preserved with our cross linking procedures. Additionally, we performed analysis on the normalized matrices based on the ICE (iterative correction and eigenvector decomposition) technique. 24 This analysis produced similar results (Fig. 1B) .
The basis for how a change in cell culture condition significantly impacts chromatin interaction is currently unclear. Differences in space, shape or volume may contribute to chromosomal conformation changes when cells are grown in spheroids. In 2D conditions, the nucleus is a disk-like volume, which is larger than that in spheroids (supplementary Fig. 2 , supplementary Table 1 , supplementary Movie 1). Consequently, chromosome volumes may be more restricted in the 3D cells compared to that in 2D cells. This restriction then causes increased chromatin compaction for those preferentially located at the nuclear periphery in fibroblasts (such as chromosomes 3, 4, 5, 8, 13, 18, and 21). 8 Consistently, we observe increased intra-chromosomal interactions within these chromosomes in spheroid-grown cells. On the other hand, our results show decreased intra-chromosomal interactions within chromosomes 16, 17, 19, 20q , and 22 that are more interiorly located. 8 This observation suggests that space restrictions in 3D cells may have less impact on these interiorly located chromosomes. It appears that a large region in the middle of 20p is an exception. In fact, the gene density in this region is relatively low compared with the rest of the chromosome. The observation of an inverse correlation between the degree of CT regularity and gene density by Sehgal et al. 26 implies reduced chromatin compactness in irregular gene dense chromosomes.
We find that inter-chromosomal contacts are generally decreased in spheroids relative to intra-chromosomal contacts. This is likely a result of a gain in the Z-dimension of the nuclei in cells grown in spheroids which separates individual CT volumes to a greater degree than in 2D cultured cells, such that territories contact one another less often. We did observe on average that the nuclei in 3D spheroids are significantly smaller than that in 2D cultures (supplementary Fig. 2 , supplementary Table 1 , supplementary Movie 1). Alternately, the chromosome territories in cells grown as spheroids could be more compact, increasing the number of intra-chromosome contacts. However, the increase in the Z-dimension suggests that the chromosome territories are in fact more separated in spheroids than in 2D cultured cells. We are aware that different concentrations of formaldehyde were used in cross linking (1% for 2D cells for 15 minutes, and 2% for 3D spheroids for 30 minutes). Different concentrations of formaldehyde might confound the result. However, in preparation of Hi-C libraries, we routinely apply a quality control step to amplify a known interaction with a pair of 3C PCR primers. In our preliminary experiments, we used 1% and 2% of formaldehyde in cross linking for 2D cultures (fibroblasts) and 3D spheroids (HEK 293 cells) for 15 and 30 minutes, respectively. We found that all the libraries made under respective conditions performed equally in amplification of the known 3C interactions (supplementary Fig. 50 ). Therefore, we simply chose the commonly used 1% formaldehyde for 2D cultures. Considering that the interior cells in spheroids might be less exposed to cross linking with 1% formaldehyde, we chose 2% formaldehyde for 3D spheroids. To fully address this question, it would be ideal to perform a systematic analysis of a series of Hi-C libraries consisting of different concentrations of formaldehyde in cross linking, duration of linking, foreign DNA spike in for 2D cells and 3D spheroids. We will pursue this question in further studies.
Conclusion and Recommendations
In conclusion, we find a significant difference of chromatin interactions between identical, isogenic cells grown in 2D cultures compared to 3D spheroids. We found that chromosomes located more peripherally show increased intra-chromosomal contacts, while those located in the interior display decreased intra-chromosomal interactions in spheroids. Contacts between chromosomes are generally decreased in spheroids when compared to 2D cell cultures. In addition, the interaction maps in a large number of regions in the genome are preserved between 2D cells and 3D spheroids.
There are several open questions to be addressed: First, in the current experiment, we only examined uniform same size spheroids derived from plating 500,000 cells per spheroid. The impact of spheroid size and/or the initial number of cells used for spheroid formation on chromatin interactions may need to be evaluated in future experiments. Also, we only analyzed spheroids sampled at 48 hours post-plating. An investigation on the effect of spheroid growth time and proliferation rate on chromatin interactions may help to further define the differences between 2D cells and 3D spheroids. Additionally, a difference in Figure 5 . This line plot shows the intra-bin Hi-C counts after RPM normalization within each mega base generated from 2D cells and 3D spheroids. On the X-axis are the coordinates of DNA sequence in mega base from pter to qter of each correspondence chromosome. The Y-axis indicates the diagonal bin counts. Lines in blue and cyan indicate counts for spheroids, and lines in red and magenta represent counts from 2D cells. Increased bin-wise counts in spheroids are seen in large regions on HSA 1, 6, 11, 14, and decreased bin-wise counts in spheroids are seen on HSA 19 and 22. If you want to include ICE figures, the figure legend will be nearly the same -simply indicate that ICE and RPM were applied before the analyses.
chromatin interactions between 2D cells and 3D spheroids may affect gene expression. Future experiments may include analysis of gene expression profiles in cells from the 2 forms of culturing conditions. In addition, imaging methods such as fluorescence in situ hybridization (FISH) or live cell imaging with high-resolution microscopy may be used to validate Hi-C results. Finally, comparison of data generated from multiple cell types may assist in establishing a mathematical foundation for predicting the coupling of genome architecture with its function.
Materials and Methods
Cell culture and crosslinking of chromatin Human foreskin fibroblasts from a normal karyotyped male individual (Cat # CRL-2522, ATCC, Manassas, VA) were propagated in growth medium, composed of MEM medium (cat # 11095-098, Life Technologies, Grand Island, NY), 10% fetal bovine serum (FBS, cat # 10082-147, Life Technologies), 1 X non-essential amino acids (NEAA, cat # 11140-050, Life Technologies), and 1 X antibiotic/antimycotic (cat # 15240-062, Life Technologies). Fibroblasts were synchronized to G0/G1 phase with serum-free MEM medium supplemented with 1 X NEAA and 1 X Antibiotic/antimycomic for 48 hours. Synchronized cells were dissociated with 0.25% trypsin (Cat # 25200-056, Life Technologies) to suspend for replating. For 2 dimensional (2D) monolayer cultures, 4 £ 10 6 cells were plated in each 150 mm dish. For 3D cultures, 0.5 £ 10 6 cells were plated in each well of a 96-well PERFECTA3D Ò Hanging Drop Plate (3D Biomatrix, Ann Arbor, MI). Both 2D and 3D cultures were incubated for 48 hours in growth medium at 37 C with 5% CO 2 . Approximately 20 £ 10 6 cells grown in 2D were cross linked with 1% formaldehyde (Cat # BP531-25, Fisher Scientific, Pittsburgh, PA) in serum free-medium for 15 min at room temperature, and then quenched with glycine (Cat # G8898-500 g, Sigma-Aldrich, St. Louis, MO) to a final concentration of Figure 6 . This line plot shows RPM normalized inter-bin mega base bin sums generated from 2D cells and 3D spheroids. This was calculated by taking the sum of counts in each bin with the diagonal removed. Globally decreased interaction are seen on all chromosomes displayed (HSA 1, 6, 11 14, 19, 22) . On the X-axis are the coordinates of DNA sequence in mega base from pter to qter of each correspondence chromosome. The Y-axis indicates the bin counts. Lines in blue and cyan indicate counts for spheroids, and lines in red and magenta represent counts from 2D cells.
M. Cross linked cells were flash frozen in liquid nitrogen and then stored at ¡80
C until the construction of Hi-C libraries. Spheroids were harvested in serum-free medium, and crosslinked with 2% formaldehyde for 30 min at room temperature. The cross linking reaction was then quenched with the addition of glycine to a final concentration of 0.128 M. Spheroids were collected, flash frozen in liquid nitrogen, and then stored at ¡80 C until the construction of Hi-C libraries. We generated confocal nucleus images for 2D cells and cells in 3D spheroid. Cells are rinsed briefly in PBS, fixed in 4% paraformaldehyde for 8 minutes, and rinsed 3 £ 5 minutes in PBS. For 2D cells, 15 ml of Prolong Gold (p36941 Life Technologies) with DAPI was placed on each slide, an 18 £ 18 mm coverslip applied, sealed, and stored at ¡20 C for later imaging. For 3D spheroids, we embedded the spheroids in Prolong Gold and transferred to the well in a 35 mm cultures dish with a coverslip bottom (Cat D35-20.1.5N, In Vitro Scientific, Sunnyvale, CA), which preserves the original shape of 3D spheroids. We processed 3D nuclei imaging immediately. All imaging was completed on a Zeiss LSM 710 Confocal Microscope with a 63x Oil plan-apochromat DIC objective, Collection parameters provided for 0.132 mm x and y resolution, 0.320 mm z resolution, and used a 24 mm pinhole. Excitation was by a 405 nm laser with an emission collection band from 411 to 486 nms.
Image reconstructions were created by first imaging cell cultures, then selecting individual cell nuclei from each culture at random. These images were then analyzed and clustered using proprietary WIC software, which clustered the nuclei to create a spheroid reconstruction. This software uses covariance matrices to determine the best fit for an ellipsoid rendering of the cell zstack images, and outputs Eigen values for this ellipsoid. WIC data was then input to Malab to construct the above subplot.
Generation of Hi-C libraries for sequencing
The methods for Hi-C library construction were adopted from. 21 For each Hi-C library, approximately 20 £ 10 6 cells were resuspended in 1 mL ice-cold lysis buffer, consisting of 10 mM Tris-HCl, 10 mM NaCl, 0.2% Igpel (Cat # 8896-50mL, Sigma-Aldrich), and 10 mL protease inhibitor cocktail (Cat # P8340-1ml, Sigma-Aldrich), and incubated on ice for 15 min. Cells were homogenized in a Dounce homogenizer on ice with pestle A, and the lysate was transferred to a 1.7 mL tube. Cells were collected by spinning for 5 minutes at 2,000xg, then washed twice in 500 mL of ice cold 1x NEB buffer 2. Cells were distributed between 4 individual 1.7 ml centrifuge tubes (50 mL per tube). Chromatins in each tube were digested with 400 u of restriction enzyme HindIII (Cat # R0104M, New England BioLabs, Ipswich, MA) in 1x NEB buffer 2 at 37 C overnight on a spin wheel.
After HindIII digestion, restriction site overhanging ends were filled and labeled with biotin with DNA polymerase I large (Klenow) fragments (Cat # M0210L, New England BioLabs) in a reaction containing dATP, dGTP, dTTP, and biotin-14-dCTP (Cat # 19518-018, Life Technologies) in each of the 4 Hind III digestion tube. DNA fragments labeled biotin-14-dCTP from each of the 4 tubes were ligated at 16 C for 4 hours in an 8.23 mL reaction containing 1x ligation buffer, 1% Triton X-100 (Cat # T8787-250ML, Sigma-Aldrich), 1 mg/ml Bovine serum albumin (BSA)(Cat # BP9706-100, Fisher Scientific), 10 mM ATP (Cat # A9187-1g, Sigma-Aldrich), and 50 u T4 DNA ligase (Cat # 15224-025, Life Technologies).
Reverse cross-linking was performed at 2 steps. First, 50 ml of 10 mg/ml proteinase K (Cat # 25530-015, Life Technologies) were added to each ligation reaction tube and incubated at 65 C for »4 hours. Then, another 50 ml of proteinase K were added to each tube and continued incubating at 65 C overnight. Next, DNA was extracted with saturated phenol : chloroform (1:1) (Cat # 1100631, Fisher Scientific), and desalted by using AMICON Ò Ultra Centrifugal Filter Unit (Cat # UFC503024, Millipore, Billerica, MA) with 1 x TE buffer. The final volume of desalted DNA was adjusted to 100 mL in 1 x TE buffer.
Removal of Biotin from un-ligated ends was carried out in 8 individual reactions each of 50 mL containing 5 mg of Hi-C DNA, 1 mg/ml BSA,1X NEB buffer 2, 25 nM dATP, 25 nM dGTP, and 15 u T4 DNA polymerase at 20 C for 4 hours. The Hi-C DNA was then pooled in a single tube, purified with single phenol extraction, and precipitated by ethanol. The DNA was re-dissolved in 105 ml of water, and transferred to a microTUBE AFA tube (Cat # 520045, Covaris, Woburn, Massachusetts). DNA fragmentation was performed in a Sonicator (Covaris S2, Covaris). The DNA fragments in a size of 200 -400 bp were recovered with Agencourt AMPure Ò XP mixture (Cat # A63880, Beckman Coulter, Indianapolis IN) following the manufacturer's protocols.
DNA fragment ends were repaired in a 70 mL reaction containing 1 X ligation buffer (Cat # B0202, New England BioLabs), 0.25 mM of dNTP mixture, 7.5 u of T4 DNA polymerase (Cat # M0203L, New England BioLabs), 25 u of T4 polynucleotide kinase (Cat # M0201S, New England BioLabs), 2.5 u of DNA polymerase I large fragment at 20 C for 30 min. The reaction was purified with a MinElute column (Cat 28204, Qiagen, Valencia, CA). The DNA was eluted in 32 mL of elusion buffer for A-tailing, which was performed in a 50 mL reaction containing purified DNA (5 mg), 1 X NEB buffer 2, 0.2 mM dATP, 15 u Klenow fragment (3'!5' exo-) (Cat # M0212L, New England BioLabs). The reaction was incubated at 37 C for 30 min, then at 65 C for 20 min to inactivate Klenow (exo-). For Streptavidin pull-down of biotinylated Hi-C ligation products, the biotinylated Hi-C ligation products were mixed with MyOne C1 streptavidin bead solution (Cat # 65001, Life Technologies) for binding of biotinylated Hi-C fragments. Nonspecifically binding DNA was removed by washing with 1 X binding buffer (5 mM Tris-HCl (pH8.0), 0.5 mM EDTA, and 1 M NaCl), then with 1 X T4 Ligation buffer (Cat # 46300-018, Life Technologies). The DNA-bound beads were resuspended in 38.75 ml of 1 X ligation buffer for adapter ligation.
Illumina adapter ligation was performed in a 50 mL reaction by adding to the DNA-bound beads suspension of 1 X T4 ligation buffer, 90 pM of Illumina paired end adapter, 3 u of T4 DNA ligase (Cat # 15224-025, Life Technologies). The reaction was incubated at room temperature for 2 hours. The beads were reclaimed, and the supernatant discarded. The beads were washed twice in Tween Wash Buffer (5 mM Tris-HCl pH8.0, 0.5 mM EDTA, 1 M NaCl, 0.05% Tween 20), once in 1 X binding buffer (5 mM Tris-HCl (pH8.0), 0.5 mM EDTA, and 1 M NaCl), and twice in 1 X NEB buffer 2. After the last wash, the beads were resuspended in 20 ml of 1X NEB buffer 2.
The Hi-C DNA sample was amplified by 15 PCR cycles (optimized in the log amplification phase) for Illumina HiSeq sequencing. Each PCR reaction in 25 ml, 1.5 ml of Bead-bound Hi-C DNA, 0.35 ml of PE primer 1.0, 0.35 ml of PE primer 2.0, 0.2 ml of 25 mM dNTP, 2.5 ml of 10X PfuUltra buffer, 19.6 ml of H 2 O, and 0.5 ml of PfuUltra Fusion DNA polymerase. The PCR cycling parameters were 98 C for 30 seconds, followed by 15 cycles at 98
Cfor 10 seconds, 65 C for 30 seconds, and 72 C for 30 seconds, and a final extension at 72 C for 7 minutes. PCR products pooled from the supernatant of multiple reactions were subjected to AMpure XP beads purification to remove primer dimers. A standard quality control procedure was performed on the purified PCR products (Hi-C library). Each Hi-C library that passed the QC procedure was then sequenced in a single lane of a flow cell on a HiSeq 2000 sequencer to generate paired-end sequence reads at 100 bases per end read.
Generation of Hi-C matrices
We standardized a pipeline to process Hi-C sequence data at the University of Michigan Bioinformatics Core facilities. With this pipeline, raw sequence reads were processed with FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) for data quality control. Paired-end reads with excellent quality were mapped to the reference human genome (HG19) using Bowtie2, 26 with default parameter settings and the "-very-sensitivelocal" preset option, which produced a SAM formatted file for each member of the read pair (R1 and R2). HOMER (http:// homer.salk.edu/homer/interactions/) was used to develop the contact matrix with "makeTagDirectory" with the -tbp 1setting, and with "analyzeHi-C" with the "-raw" and "-res 1000000" settings to produce the raw contact matrix at 1 MB resolution.
We also analyzed the Hi-C data bin-by-bin by creating vectors which summarized the information in each bin. The first of these vectors contained only the diagonal counts, representing the intra-bin interactions. Another vector contained the total reads for a bin. The final vector was the total reads for each bin, subtracting out the diagonal interactions in order to remove linearly local interactions and instead focus on interactions between genetic locations that are more distant within the linear genome.
Statistical Analysis
Normalization of Hi-C data
RPM Normalization
First, we normalized the raw contact matrices to facilitate comparability. The scaling factor was chosen to be the sum of the lower-triangular elements. This quantity represents the total number of reads used to create the Hi-C matrix. We divided each element of the Hi-C matrix by this sum, then multiplied by one million to generate a Reads-Per-Million-Reads (RPM) normalized Hi-C matrix. This process results in a matrix with elements expressing the number of interactions expected if exactly one million paired end reads were observed. The normalization puts all Hi-C matrices on the same scale, ensuring that any differences between Hi-C matrices are not attributable to variation in total sequencing depth. Subsequent analyses were performed on the RPM-normalized Hi-C matrices. We used this RPM normalization since further, more sophisticated normalization 25 produced similar results (see Fig. 1B ).
Global Analysis
Chromosomal matrix reduction In addition to generating the fine-grained Hi-C matrices as outlined above, we also assessed interactions at chromosome resolution (i.e., considering only chromosome-level interactions) using a 22 £ 22 square matrix. To understand the process used to create these matrices, first consider a Hi-C matrix as a 22 £ 22 block matrix with blocks defined by chromosomal boundaries. Each block represents a chromosome-by-chromosome interaction, and diagonal blocks represent Hi-C interactions within a single chromosome. By replacing each block with a single value summarizing its contents, we can reduce the megabase-scale Hi-C matrix to a more general 22 £ 22 matrix. This summary value was chosen as the mean value of the block entries for the interchromosome Hi-C matrices, and the mean value of the block entries with the diagonal removed for the intra-chromosome Hi-C matrices.
Hi-C matrix comparisons
To quantify the differences between the Hi-C matrices we performed a statistical test on the distribution of each intra-and inter-chromosome Hi-C block entries. Namely, ;H 1 :
where F denotes the distribution of the samples, and the subscripts 2D ð Þ distinguish the cases and replicates. In order to consider more on general pattern and reduce the dimension, we summarize each 10 by 10 region in the block by its count summation, and then a variance normalizing transformation (the Anscombe transformation)is applied to the entries of these reduced size matrices to better shape the data. The diagonals of the intra-chromosome matrix are also removed due to their particularity. After that the Kolmogorov-Smirnov test 28 is applied to test the significance of the distribution differences. The thresholded p-value map is shown in Figure 2 where Benjamini-Hochberg correction is used. 28 It can be clearly observed the significant difference between 2D and 3D case, while there's no significant difference within replicates in both 3D and 2D cases.
Local Analysis
We performed another statistical test to determine if sequence localized differences exist between 2D and 3D Hi-C matrices. Monte Carlo significance tests have been widely used to test significance of pattern differences and we used a related approach here. The element-wise significance test against the null hypothesis that [H ð Þ ] ij denote the (ij)th entry of 2D and 3D Hi-C matrices, respectively. In this local analysis, we assume that each entry is a Poisson random variable with its own rate. The RPM matrices are rescaled by a same scalar that ensures the smallest entry in the matrices are not less than 1. Considering that we have few numbers of replicates and nontrivial distribution of the statistic, we performed test via the Monte-Carlo method, with the assumption that the observed counts were corrupted by the Poisson noise. To achieve this, we generated N D 100000 matrices where each entry is a random variable following the Poisson distribution centered at the mean under the null hypothesis. The distribution of
ð Þ ] ij j under the null hypothesis can then be approximated using these generated samples. Computing the associated statistic from the observed samples, and evaluating the percentage of generated samples that exceeds this statistic, provide us with the significance level of the difference. The above analysis was performed on matrices of all chromosomes (see Fig. 4 for chromosome 1, 6, 11, 14, 19 , and 22, see Supp. Fig. 52 for all matrices) . The result p-value maps associated with these chromosomes are shown in Figure 4 , where the dark blue represents regions with adjusted P-values < 0.05.
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